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Abstract: Pulsed Magneto-Oscillation (PMO) promoted additional nucleation of commercial purity 
Al containing a range of Al3Ti1B master alloy resulting in a finer grain size. The grain density 
significantly increased with PMO treatment for all Ti contents. With PMO treatment the grain 
density is directly proportional to the amount of master alloy added and therefore the number of 
TiB2 particles implying that the TiB2 particle density had a major effect on refinement. The grain 
density almost doubled (from 307.4 to 507.2 mm-3) after PMO treatment at a normal commercial 
level addition of 1000 parts per million (ppm) Ti by weight, and which increased from 499.5 to 
941.1 mm-3 when 2000 ppm Ti was added. It is proposed that PMO treatment significantly 
enhanced the nucleation capacity for TiB2. In contrast, without PMO treatment, the grain size 
follows a linear relationship with the inverse of the growth restriction factor (1/Q) indicating that Ti 
solute also has a significant effect on grain size. Since the cooling conditions were similar for both 
with and without PMO treatment, the convection generated by PMO produced a more uniform 
temperature field throughout the melt that promoted the transport and survival of grains 
contributing to a finer grain size. 
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1. Introduction 
The origin of the as-cast structure of metals and alloys is related to the nucleation, growth and 
transport of grains within the melt which in turn is affected by thermal and solute diffusion and 
convection all of which also control the morphology of the as-cast grains [1-2]. To obtain a fine, 
equiaxed grain structure it is well established practice to add a grain refining master alloy that 
contains appropriate inoculants to promote heterogeneous nucleation, thus, improving many 
properties of the as-cast metal and facilitating subsequent processing [3]. The most widely used 
refiners for aluminum are Al–Ti–B master alloys, commonly Al5Ti1B, which are typically added to 
molten aluminum at 1–10 parts per thousand by weight [4]. Upon the addition of master alloy to a 
melt numerous TiB2 particles which are potent heterogeneous nuclei, are dispersed in the melt and a 
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fraction of these particles become active nucleation sites during solidification [5-6].  
Apart from inoculation, dynamic factors such as mechanical vibration [7], ultrasonic [8] and 
magnetic fields [9], can also promote heterogeneous nucleation. Pulsed electromagnetic techniques, 
such as electric current pulse, pulsed magnetic field and pulsed magneto-oscillation (PMO) have 
been successfully applied resulting in refinement of the grains of metals [10-11]. The PMO 
technique produces better refinement with much lower power consumption and much easier 
operation than other magnetic field techniques [10]. In addition to the increased refinement due to 
enhanced nucleation stimulated by PMO, melt convection is also significantly increased by the 
electromagnetic forces. This vigorous convection in the melt accelerates the removal of superheat 
and latent heat from the solidifying melt to the mold walls, which decreases the temperature 
gradient in the melt. The lower temperature gradient improves the transport and survivability of the 
nucleated grains while they grow [11]. 
Previous work proved that PMO treatment can enhance the nucleation of commercial purity 
aluminum (CP Al) without the addition of commercial refiners [10-12]. However, there are no 
reports on the effect of PMO when very potent particles such as TiB2 are present and how it affects 
the relationship between grain size and constitutional supercooling. Actually, the commercial 
products of aluminum alloys usually need the addition of refiner master alloy during the casting 
process. The aim of this work is to quantify the improvement in nucleation efficiency when PMO is 
applied to CP Al containing TiB2 particles released by the Al3Ti1B master alloy, by determining the 
relationships between Ti content and the grain density and grain size with and without PMO 
treatment. This research may provide better fundamental understanding for the application of PMO 
on the continuous casting of aluminum alloys. 
 
2. Experimental procedure  
CP Al (99.7 wt%) was melted in a stainless steel crucible (65mm  45mm  80mm) and 
held at 973 K for 30 min in an electric resistance furnace. The inner wall of the crucible was coated 
with Boron Nitride to prevent reaction between the Al and the steel crucible. Al3Ti1B master alloy 
additions preheated to 773K were made to the CP Al melt to deliver 0, 50, 100, 200, 500, 1000 and 
2000 parts per million (ppm) Ti by weight. The melts were then manually stirred and held for 2 
minutes before being transferred from the furnace to the PMO device. For the samples treated by 
PMO, the PMO generator was turned on before a crucible was transferred into a spiral type electric 
coil [10], and then the melt was kept in the PMO field for 2 minutes, followed by air cooling to 
room temperature. The PMO parameters applied were those optimized for producing a fine 
equaixed grain structure in CP Al without the addition of master alloy. For the samples without 
PMO treatment, the crucible was also transferred into the coil without electric power and cooled to 
room temperature so that the same cooling conditions were achieved with and without PMO 
treatment. It should be noted that when PMO was applied the stainless steel crucible walls adjacent 
to the coil were also heated by the PMO treatment. The PMO current was 150ki A, the frequency 
was kept at 25hi Hz and the pulse width was 5fi μs for all the experiments, where ki , hi and fi are 
constant coefficients of the PMO generator. The average magnetic intensity B in the coil was about 
0.2-0.3T. 
All the samples were sectioned along the central symmetrical axis, and mechanically ground 
for metallographic observation. The etching reagent for revealing the macrostructure was a mixture 
of 2.7 parts nitric acid: 2.7 parts hydrochloric acid: 4.6 parts water. In order to measure the grain 
size, small specimens (30mm  30mm  20mm) were incised from the center of the castings. The 
specimens were anodized by a 4 vol% HBF4 solution for about 20 seconds with 0.3-0.4A/cm2 direct 
current after polishing. The microstructures were observed by a Leica Polyvar microscope 
(DM6000M) with polarized light. The grain size was measured by the mean linear intercept method 
(ASTM E112-10). In order to compare the effect of the PMO on the nucleat efficiency, the grain 
size measured from the solidified samples has been converted to the grain density using the method 
reported elsewhere [13-14]. By using the data in table 1, a curve was fitted between grain size and 
grain density, and the equation can be expressed as  
GD=0.74*GS-3           (1)  
where the GD is grain density, GS is grain size. 
 
3. Results and discussion 
Figure 1 shows the macrostructure of CP Al (of equal weight) with Al3Ti1B master alloy 
additions of 0, 50, 500, 2000 ppm Ti, with and without the application of PMO treatment. Figure 
1(a) shows the grain structure of the CP Al sample without master alloy addition or PMO treatment 
which consists of coarse columnar grains that grow from the mold walls towards the center of the 
casting, clearly indicating the heat transfer pathway from the bulk of the melt to the outside walls of 
the crucible. With the addition of grain refiner, this coarse dendritic structure changes to an 
equiaxed structure becoming finer with increasing master alloy additions as shown in Figure 1 
(b)-(d). Without the addition of master alloy, PMO treatment can convert the coarse dendritic 
structure into refined equiaxed grains of about 240 μm [11] as shown in Figure 1(e). However, 
when master alloy was added, the solidified structures were further refined as shown in Figure 
1(f-h). It is clearly observed that for the same level of master alloy addition, those treated by PMO 
achieve much finer structures than those without PMO treatment. Also, the ingot structures 
produced under PMO treatment are more uniform throughout the castings and the shrinkage cavity 
at the top of the castings becomes much smaller. 
Figure 2 shows the microstructure of specimens obtained from the centre of the ingots with 
and without PMO treatment. The specimens contain Al3Ti1B master alloy additions of 100, 200, 
500 and 2000 ppm Ti. Figure 2 (a)-(d) show that the equiaxed grains without PMO treatment are 
larger than those with PMO treatment for the same Ti contents as shown in Figure 2 (e)-(h). 
Figure 3(a) shows the relationship between the grain size and the equivalent Ti content with 
and without PMO treatment. For both conditions the grain size decreases with increasing Ti content. 
The grain size of the samples with PMO treatment is much smaller than that without PMO 
treatment when the Ti content is low. For example, without PMO the grain sizes obtained are 1276 
μm, 695.8μm and 344.3μm with the Ti addition by 50, 100 and 200 ppm, respectively. However, 
after PMO treatment the grain size are reduced sharply to 221.4 μm, 207.3 μm, and 183.5 μm 
respectively. As the Ti content increases the difference between the as-cast grain size with and 
without PMO treatment gradually reduces. The Al3Ti1B master alloy contains TiB2 particles that 
account for 2.2%Ti combined with the 1%B as TiB2 and the remaining 0.8% provides excess Ti to 
an alloy melt as solute [15]. The Ti solute provides growth restriction that promotes nucleation on 
the TiB2 particles. The level of growth restriction is given by the Q value which can be calculated 
by the equation 2 
Q=m(k-1)C0                (2) 
where the m is the gradient of the liquidus, C0 is the solute Ti, and k is the partition coefficient [15]. 
As Ti is the only solute added to these alloys, the growth restriction factor Q is directly related to 
the amount of Ti in solution. 
Table 2 presents the values of total Ti content, percent Ti contained in the TiB2 particles and 
the excess Ti present as solute for each master alloy addition, as well as the grain size and grain 
density obtained with and without PMO treatment.  
Plotting grain size against 1/Q, Figure 3(b), provides information about the effect of Ti solute 
on grain size. The curve of best fit without PMO treatment is linear as found for previous 
experimental data for a number of alloy systems [16-18]. However, with PMO treatment, the grain 
size plotted against 1/Q is not a linear form. As mentioned above PMO treatment can reduce the 
grain size of CP Al with 0 ppm Ti to about 240 μm [11] which is a smaller grain size than that 
obtained for the 50-200 ppm Ti alloys that are not treated by PMO. This observation highlights the 
effectiveness of PMO in reducing the grain size, and exceeding the effect of Q on the grain size. 
Figure 3 (c) shows the grain density versus Ti content with and without PMO treatment.  
A measure of grain density is an indication of the density of the nucleant particles that have 
successfully nucleated grains. The number of TiB2 particles is consistent with a proportional 
increase in Ti content added by the Al3Ti1B master alloy. The grain density when PMO treatment is 
applied is significantly higher than that without PMO treatment for all Ti contents, especially for the 
commercial level of 1000 ppm Ti addition where PMO treatment can significantly increase the 
grain density from 307.4 mm-3 (134.3 μm) to 507.2 mm-3 (113.4 μm) in per cubic millimeter. When 
2000 ppm Ti was added, PMO treatment almost doubled the grain density from 499.5 mm-3 (114.5 
μm) to 941.1 mm-3 (92.4 μm). Figure 3 (c) shows that the line of best fit for the grain density versus 
Ti content with PMO treatment is linear indicating that the grain density directly corresponds to the 
TiB2 particle density. It is interesting to note that the grain density of the PMO treated CP Al 
without added TiB2 particles (the black triangle shown in Figure3(c)) is aligned with the linear form 
produced when master alloy is added further increasing the number of nucleation events.  
Figure 4 presents the cooling curves of CP Al with 500 ppm Ti with and without PMO 
treatment. In order to allow easier comparison of the two curves the starting time of the curves 
without PMO treatment have been displaced 20s towards the right in Figure 4. It can be clearly 
observed that the cooling rates of CP Al with and without PMO treatment are very close at about 
0.67 K/s. This observation is different from the increased cooling rate caused by PMO treatment 
presented in reference [11]. PMO induced vigorous convection and accelerated the release of heat 
from the melt into the mold walls. Meanwhile, the stainless steel crucible used in this study was 
heated by PMO treatment, which inversely reduced the rate of release of heat into the melt. The two 
effects of PMO appear to balance each other as the cooling rate of the melt was approximately the 
same when the melt was treated with and without PMO as evidence by the cooling curves. This 
trend also occurred in the melts with other Ti content additions with and without PMO treatment. 
When PMO was applied the vigorous convection induced by PMO made the temperature field of 
the melt more uniform [11]. This convection causes the cooling curves at the mold wall and the 
center of the melt with PMO treatment to be very close as shown in Figure 4. The convection 
combined with a uniform temperature field throughout the melt allows the new grains to be 
transported and grow throughout the melt with a much reduced likelihood of remelting. Thus, when 
PMO is applied the casting conditions created promote a finer equiaxed structure. 
 
4. Conclusions 
In summary, PMO treatment stimulated significant additional nucleation in the CP Al melt 
containing a range of Al3Ti1B master alloy additions. With increasing Ti content, the difference in 
grain size between the specimens with and without PMO treatment decreased. However, the grain 
density significantly increased with the application of PMO treatment for all Ti contents. When 
PMO treatment was not applied, a linear relationship between the grain size and the 1/Q indicates 
that Ti solute significantly affects the grain size. The effect of Ti solute was much less when PMO 
treatment was applied where there is a direct relationship between grain density and TiB2 addition. 
The cooling rates of the melt with and without PMO treatment are approximately the same. 
However, PMO generated convection and a much lower temperature gradient throughout the melt 
promoting the transport, survival and uniform growth of grains resulting in a finer equiaxed grain 
structure. 
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Figures and captions 
 
 
Figure 1. Macrostructures of CP Al with a range of Al3Ti1B master alloy additions: 0, 50, 500 and 
2000 ppm Ti. (a)-(d) are without PMO and (e)-(h) are with PMO treatment. 
 
 
 
 
 
 
 Figure 2. Equiaxed grains of castings with 100, 200, 500 and 2000 ppm Ti. (a)-(d) without PMO 
treatment, and (e)-(h) with PMO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3. (a) The relationship between grain size and Ti content. (b) Grain size plotted against 1/Q. 
(c) Change in the grain density (mm-3) with Ti content. 
 
 
 
 
 
 
 
 Figure 4. Cooling curves of CP Al with 500ppm Ti with and without PMO treatment. 
 
Tables and captions 
 
 
 
Table 1. The relationship between average grain size and grain number [13-14]. 
Average grain size  
(mm) 
Grain number  
(mm-2) 
Grain number 
 (mm-3) 
1.0 1 0.7 
0.75 2 2 
0.5 4 6 
0.35 8 16 
0.25 16 45 
0.18 32 128 
0.125 64 360 
0.091 128 1020 
0.062 256 2900 
 
 
 
 
 
 
 
 
 
Table 2. Total Ti content, percent of Ti in TiB2, percent of solute Ti, the value of Q calculated from 
the percentage Ti solute, and grain size and grain density with and without PMO. 
Total Ti 
(ppm/%) 
Ti as TiB2 
(%) 
Ti as solute 
(%) 
Q 
Grain size (μm) 
/density (mm-3) 
with PMO 
Grain size (μm) 
/density (mm-3)  
without PMO 
50/0.005 0.0037 0.0013 0.33 221.4/68.5 1276/0.4 
100/0.01 0.0073 0.0027 0.65 207.3/83.4 695.8/2.2 
200/0.02 0.0147 0.0053 1.31 183.5/120.7 344.3/18.1 
500/0.05 0.03.7 0.013 3.27 148.3/228.3 174.5/140.9 
1000/0.1 0.073 0.027 6.55 113.4/507.2 134.3/307.4 
2000/0.2 0.147 0.053 13.10 92.4/941.1 114.5/499.5 
 
